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Abstract: The present investigation was carried out for the induction of haploid plants in Citrus grandis through in situ parthenogenesis
by pollination with gamma-irradiated pollen of C. limetta and C. sinensis, treated with 50, 100, 200, 300, and 400 Gy gamma ray doses
followed by in vitro ovule culture. Ovule culture at 50 days after pollination (DAP) was found optimum for the maximum recovery
of in vitro-raised plantlets as compared to 35 and 20 DAP. At 50 DAP, irrespective of the pollen parent, plantlet regeneration capacity
decreased at 300 and 400 Gy irradiation treatment (0.62% and 0.60%, respectively) with maximum recovery in the nonirradiated control
(3.07%). Chromosome counting in actively growing root tips of all the in vitro-raised ovule cultured plantlets revealed that two haploid
plants with chromosome number of nine were induced in C. grandis from the ovule culture that was cultured at 50 DAP following
pollination with irradiated pollen of C. sinensis at 400 Gy and C. limetta pollen at 300 Gy. However, irradiation doses below 300 Gy were
incapable of inducing any haploids in either cross combination. Similarly, all the plantlets regenerated from in vitro embryo culture of
mature seeds were found to be diploid in nature, irrespective of the pollen parent and irradiation dose. Molecular analysis of the in vitroraised haploid and diploid plants using SSR markers confirmed the maternal origins of the haploid plants; however, the diploid plants
were found zygotic in nature with one allele from the seed parent and the other one from the pollen parent.
Key words: Embryo culture, irradiation, ovule culture, ploidy level, pummelo, SSR marker

1. Introduction
Fruit trees like Citrus and other woody perennials
are characterized by a high degree of heterozygosity,
long reproductive cycle, large canopy size, and selfincompatibility (Germanà and Chiancone, 2001). The
problems of long gestation period, large canopy size, and
self-incompatibility can be overcome by using different
plant bioregulators, training and pruning operations,
and using different cross-compatible pollen parents,
respectively. However, it is very difficult to overcome
the problem of heterozygosity. In conventional breeding
programs, the only way to overcome this problem is to
develop inbred lines by selfing each parental population
for at least 7 or 8 generations, which not only increases
the breeding cycle in varietal improvement programs
but is also a cumbersome method. Hence, production of
haploid progenies is of the utmost importance because
homozygous plants, which are very important for genetic
analysis and breeding programs, are easily obtained by
doubling the chromosomes of haploid progenies. In
addition, the haploids are also used for seedless triploid
* Correspondence: manojhorti18@gmail.com

cultivar breeding by somatic hybridization of haploid
and diploid protoplasts (Kobayashi et al., 1997; Ollitrault
et al., 1997, 2000), to induce new forms of interspecific
and intergeneric hybrids through the fusion of haploid
protoplasts (Grosser et al., 2000), to overcome the
incompatibility barrier (Pandey, 1974), and for gene
transformation (Pandey, 1978) and nucleus substitution
(Raquin et al., 1989). Furthermore, mutagenesis of
haploids followed by chromosome doubling would enable
recessive genes to be expressed. In Citrus, haploids were
first obtained by Karasawa (1971) in C. natsudaidai
Hayata. Later, Esen and Soost (1971) described a haploid
embryo, obtained from an immature seed of a Clementine
mandarin (C. clementina hort. ex Tanaka) × ‘Pearl’ tangelo
cross. Since then haploids have been produced by anther
culture (Hidaka et al., 1979; Germanà et al., 1992, 1994;
Germanà and Reforgiato-Recupero, 1997; Germanà and
Chiancone, 2003) and interploid hybridization (Oiyama
and Kobayashi, 1993; Toolapong et al., 1996; Germanà
and Chiancone, 2001). However, haploids produced
through these anther culture and interploid hybridization
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techniques are very weak and grow more slowly. Hence, it
is very difficult to conduct reproductive analysis of those
weakly growing haploid plants (Germanà, 1997). Thus,
for the production of haploid lines with high reproductive
potential, alternative methods should be developed
(Germanà and Chiancone, 2001). Irradiated pollen
techniques (UV, X-ray, and gamma rays) are currently
used to induce in situ haploid plants. The irradiated
pollen is genetically inert and physiologically active and
it can be easily germinated on the stigma, but it is not
able to fertilize the egg cell and the polar nuclei. Hence,
these pollens might be used to stimulate parthenogenesis,
including gynogenic haploid production. Gamma rays are
commonly used in haploidy programs because of their
simple application, good penetration, reproducibility,
high mutation frequency, and fewer disposal problems
(Chahal and Gosal, 2002). However, the major obstacle for
adapting this technique is the degeneration of the induced
haploid embryo at the early stage of seed development,
which causes seed abortion (Froelicher et al., 2007; Yahata
et al., 2010), resulting in little or no recovery of haploid
plants from the harvested seeds following pollination
with gamma-irradiated pollen. Recent biological studies
of various plants suggest that parthenogenesis induced by
pollination with inactivated (irradiated) pollen followed
by pseudofertilized ovule culture might represent the
appropriate technique for the induction of haploid plants
as this technique has a higher frequency of haploid
induction (Raquin, 1985; Rode and Dumas de Vaulx,
1987; Sauton and Dumas de Vaulx, 1987; Pandey et al.,
1990; Zhang and Lespinasse, 1991; Bouvier et al., 1993;
Katoh et al., 1993; Sari et al., 1994; Grouh et al., 2011). In
Citrus, however, there is only scanty information available
on parthenogenesis induced by irradiated pollen followed
by in vitro culture of pseudofertilized ovules (Froelicher et
al., 2007; Yahata et al., 2010) and it is the need of the hour
to optimize the dose of irradiation for induction of haploid
plants in citrus as conventional mutational damage may
occur at low doses (Engvild, 1985; Sanders et al., 1991),
whereas higher doses may lead to lethality problems for
pollen grains. Moreover, no studies have been encountered
to date concerning the age of citrus ovules for maximum
recovery of haploid plants through the gamma-irradiated
pollen technique. Keeping these points in mind, the
present study aimed to induce haploid plantlets in citrus
through gamma-irradiated pollen and to ascertain the
ovule age for maximum recovery of haploid plantlets.
2. Materials and methods
2.1. Plant materials
Based on our previous year’s study on the standardization
of gamma ray irradiation doses and pollen parents for
pollen viability, fruit set (Kundu et al., 2014), and seed
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development in citrus, two Citrus species, sweet orange
(Citrus sinensis (L.) Osb. ‘Mosambi’) and sweet lemon
(C. limetta Risso), were selected as pollen sources for
the experiment. Pummelo (C. grandis (L.) Osb.), a
monoembryonic diploid Citrus species, was selected as the
seed parent to avoid the problem of identification of the
zygotic one from nucellar embryos.
2.2. Pollen collection and irradiation
The irradiation of pollen grains was performed at 50, 100,
200, 300, and 400 Gy by cobalt 60 gamma rays (NRL, IARI,
New Delhi, India) according to the method described by
Kundu et al. (2014). Twenty unopened flowers (for each
exposure) approaching anthesis were separately collected
from the above two Citrus species selected as pollen
parents, in the morning (0900 to 0930 hours). After
removal of the petals and stigma, the anthers with the
filament of each species were put in different glass petri
dishes and kept under sunlight for around 2 h for proper
dehiscence.
2.3. Emasculation and pollination of seed parent
On the day of pollination, 200 unopened flowers of
pummelo (Citrus grandis) approaching anthesis were
selected for each exposure rate along with a control, during
the morning hours (0900 to 1100 hours). Thereafter,
emasculation and pollination of those selected flowers were
carried out with irradiated pollen grains having viability
of 89.06% and 78.26%, respectively, for nonirradiation
and 400 Gy irradiation treatment, irrespective of the
pollen parent (Kundu et al., 2016). Thereafter bagging and
labeling was done according to the method described by
Kundu et al. (2014).
2.4. In vitro ovules and embryo culture
The young, developing immature fruits from two different
cross combinations at each exposure dose were collected at
20, 35, and 50 days after pollination (DAP). After surface
sterilization with HgCl2 (0.1%) for 10 min, followed by
3–4 washes with sterile double-distilled water, these
treated fruits were cut longitudinally. Thereafter ovules
were excised and cultured in Murashige and Tucker
(MT) medium (1969) with the addition of 500 mg L–1
malt extract, 200 mg L–1 casein hydrolysates, 400 mg L–1
L-glutamine, 40 mg L–1 adenine, 40 g L–1 sucrose, 1.5 mg L–1
benzyl adenine purine (BAP), and 0.5 mg L–1 indole acetic
acid (IAA) at pH 5.7 ± 0.1 and kept in a growth chamber in
complete darkness for 45 days. After maturation of ovules,
they were subcultured into germination media consisting
of MT medium (macro + micro + organics) with the
addition of 500 mg L–1 malt extract, 200 mg L–1 casein
hydrolysates, 400 mg L–1 L-glutamine, 40 mg L–1 adenine,
40 g L–1 sucrose, 2 mg L–1 BAP, and 1 mg L–1 GA3 at pH
5.7 ± 0.1 and kept in a growth chamber under 12/12 h of
light and dark cycles. Numbers of embryoid formation,
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embryo germination, and plantlet regeneration from these
cultured ovules were recorded 3 months after transfer to
germination media.
Similarly, after extraction of mature seeds from the
ripe fruit and surface sterilization of these seeds, embryos
were excised from each treated seed and cultured in MT
(macro + micro + organics) media with the addition of 40
g L–1 sucrose, 2 mg L–1 BAP, and 1.5 mg L–1 GA3 at pH 5.7
± 0.1 and kept in a growth chamber under 12/12 h of light
and dark cycles. Plantlet regeneration from these cultured
embryos was recorded after 2 months of culture.
2.5. Determination of ploidy level of in vitro-raised
plantlets
After sufficient growth of those in vitro-raised ovules and
embryo-cultured plantlets of both the cross combinations
(Citrus grandis × C. limetta and C. grandis × C. sinensis) at
different exposure doses, active root tips having a length of
not more than 1 cm were collected under a laminar flow
hood. These collected root tips were kept separately in
small vials containing ice water and stored in a refrigerator
at 4 °C for 24 h. Then they were fixed in an ethanol-acetic
acid solution (v/v, 3:1) and subsequently stored again at 4
°C until required. For slide preparation, the root tips were
washed twice in distilled water followed by hydrolysis in
1 N HCl for 18 min at 60 °C. The hydrolyzed root tips
were then washed in distilled water and stained in Feulgen
stain for 1 h. Stained root tips were subsequently crushed
in 1% acetocarmine and observed under an optical
microscope (light microscope at 40× magnification). The
microphotographs were taken by the camera attached to
the microscope at 100× magnification.
2.6. Ascertaining hybridity of in vitro-raised plants
SSR markers (microsatellites) were used to analyze the
parental status of those in vitro-raised citrus plantlets.
Total genomic DNA was extracted from fresh young leaves
of all the parents and in vitro-raised plantlets of both the
cross combinations for different exposure doses as well
as for control by the cetyltrimethylammonium bromide
(CTAB) method (Murray and Thompson, 1980) with
minor modifications. Purification and quantification of
DNA was done by the procedures suggested by Samanta
(2009) and Sareefa (2009). Polymerase chain reaction
(PCR) amplifications was carried out in 20 µL of reaction
solution containing 2.5 µL of of 1X PCR buffer with MgCl2,
0.8 µL of dNTPs, and 0.5 µM of each polymorphic primer
(forward and reverse each) of CgEMS-3 (Chai et al.,
2013), CgEMS-9 (Chai et al., 2013), and TAA41 (Scarano
et al., 2003). For one unit of Taq DNA polymerase and
40 ng of template DNA, the thermal cycling conditions
were as follows: an initial denaturation step at 95 °C for
5 min followed by 35 cycles at 94 °C for 1 min, a primer
annealing step at 58 °C for 1 min, and a primer extension
step at 72 °C for 2 min, with a final extraction step at 72

°C for 10 min. Thereafter, PCR-amplified products were
run in 4% high-resolution agarose gels (Metaphor) after
adding loading dye amounting to 5 µL to each PCR tube,
containing amplified products. This Metaphor agarose is an
intermediate melting-temperature agarose (75 °C) that has
twice the resolution of the finest sieving agarose products;
hence, it has the capacity of high-resolution separation
of DNA fragments of 20 to 800 bp that differ in size by
2%. Each gel had 3 µL of GeneRuler (ladder) in the first
lane to estimate molecular weight and to control gel-to-gel
variation. Electrophoresis was carried out at 50 V for 2.5
h. The gels were photographed on a UV transilluminator
using a Polaroid camera.
2.7. Statistical analysis
The experiment was laid out in a complete randomized
design with 5 replications. For embryo germination and
plantlet regeneration from ovule culture, we had some
data having zero (0) value, but for statistical analysis
we could not use zero values. Hence, the values of the
entire set of data were transformed through square root
transformation using the following formula:
Transformed value = x + 1 / 2 , where x = original
value.
After transformation of original values, statistical
analysis was performed using statistical analysis software
(SAS 9.3; SAS Institute, Cary, NC, USA) and the means
were compared by Tukey’s honestly significant difference
test at P ≤ 0.05.
3. Results
3.1. In vitro ovule culture of immature fruit
Induction of haploid plants via ovule culture was carried
out and 3 months after transfer to germination media,
embryoid formation started and subsequently embryo
germination and plantlet regeneration were observed.
When ovules were cultured at 20 DAP, embryoid formation,
embryo germination, and plantlet regeneration percentage
did not differ significantly at different irradiation doses
(Table 1). The frequency of embryoid formation in C.
grandis × C. sinensis and C. grandis × C. limetta crosses was
also quite low (4.71% and 4.22%, respectively) from ovule
cultures at 20 DAP. Furthermore, only a single plantlet was
regenerated in C. grandis × C. limetta crosses in the control
while there was no plantlet regeneration in C. grandis ×
C. sinensis crosses at any irradiation doses. On the other
hand, although embryoid formation, embryo germination,
and plantlet regeneration capacity at 35 DAP had no
significant variation at different irradiation doses in both
of the cross combinations (Table 2), it had a significantly
higher success rate as compared to 20 DAP (paired t-test).
Irrespective of irradiation doses, the highest embryoid
formation and embryo germination was recorded in C.
grandis × C. sinensis (11.37% and 4.28%, respectively),
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Table 1. Effect of pollen parent and gamma ray irradiation on plantlet regeneration through ovule culture at 20 DAP in Citrus grandis.
No. of ovules
cultured

Embryoid
formation (%)

Embryo
germination (%)

Plantlet
regeneration (%)

C. sinensis

468

1.99a (4.71)

1.20a (1.47)

0.71a (0.00)

C. limetta

475

1.91a (4.22)

1.18a (1.35)

0.77a (0.17)

SEM (±)

-

0.290

0.162

0.046

LSD (≤0.05)

-

0.852

0.476

0.135

Control

162

2.23a (5.83)

1.23a (1.61)

0.90a (0.51)

50 Gy

149

1.78 (3.81)

0.93 (0.60)

0.71a (0.00)

100 Gy

164

2.14a (5.24)

1.59a (2.41)

0.71a (0.00)

200 Gy

154

1.53 (2.57)

0.71 (0.00)

0.71a (0.00)

300 Gy

155

1.93a (1.93)

1.15a (1.21)

0.71a (0.00)

400 Gy

159

2.09a (2.09)

1.53a (2.67)

0.71a (0.00)

SEM (±)

-

0.503

0.281

0.080

LSD (≤0.05)

-

2.216

1.238

0.351

Control

75

2.34a ±1.43(6.33)

1.14a ± 0.76 (1.19)

0.71a ± 0.00 (0.00)

50 Gy

72

1.41a ±1.21 (2.47)

0.71a ± 0.00 (0.00)

0.71a ± 0.00 (0.00)

100 Gy

86

1.99 ± 1.22 (4.46)

1.58 ± 0.76 (2.38)

0.71a ± 0.00 (0.00)

200 Gy

76

1.86a ±1.09 (3.75)

0.71a ± 0.00 (0.00)

0.71a ± 0.00 (0.00)

300 Gy

83

1.96 ±1.24 (4.38)

1.12 ± 0.71 (1.08)

0.71a ± 0.00 (0.00)

400 Gy

76

2.36a ± 1.54 (6.85)

1.93a ± 1.20 (4.18)

0.71a ± 0.00 (0.00)

Control

87

2.12a ± 1.42 (5.32)

1.33a ± 1.07 (2.02)

1.10a ± 0.68 (1.01)

50 Gy

77

2.15a ± 1.25 (5.15)

1.14a ± 0.76 (1.19)

0.71a ± 0.00 (0.00)

100 Gy

78

2.29 ± 1.56 (6.01)

1.59 ± 0.77 (2.43)

0.71a ± 0.00 (0.00)

200 Gy

78

1.19a ± 0.84 (1.39)

0.71a ± 0.00 (0.00)

0.71a ± 0.00 (0.00)

300 Gy

72

1.90 ± 1.12 (3.95)

1.18 ± 0.82 (1.33)

0.71a ± 0.00 (0.00)

400 Gy

83

1.81a ± 1.02 (3.49)

1.13a ± 0.74 (1.15)

0.71a ± 0.00 (0.00)

SEM (±)

-

0.711

0.397

0.113

3.660

2.044

0.58

Treatment
Pollen parent (P)

Irradiation dose (I)
a

a

a

a

P × I interaction
C. sinensis

a

a

a

a

C. limetta

LSD (≤0.05)

a

a

a

a

Value indicates the mean of five replicates and ± values indicate standard deviation. Different letters in the same column indicate
significant differences at P ≤ 0.05 (Tukey’s honestly significant difference test); DAP: days after pollination

which did not differ significantly from C. grandis ×
C. limetta crosses (10.13% and 3.44%, respectively).
Maximum plantlet regeneration was observed in C.
grandis × C. limetta crosses (1.21%), statistically on par
with C. grandis × C. sinensis (1.05%). However, plantlet
regeneration from ovule cultures at 35 DAP decreased
gradually with the increasing concentration of irradiation
doses and it was recorded minimum at 300 Gy (0.64),
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whereas at 400 Gy not a single plantlet was regenerated
from the germinated embryos (Table 2). Among two
different cross combinations for six different irradiation
doses, plantlet regeneration was recorded as maximum
in C. grandis × C. limetta crosses in the control (2.43%);
however, not a single plantlet was regenerated in C. grandis
× C. limetta crosses at 300 and 400 Gy or in C. grandis ×
C. sinensis crosses at 400 Gy. Furthermore, at 50 DAP a
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Table 2. Effect of pollen parent and gamma ray irradiation on plantlet regeneration through ovule culture at 35 DAP in Citrus grandis.
No. of ovules
cultured

Embryoid
formation (%)

Embryo
germination (%)

Plantlet
regeneration (%)

C. sinensis

462

11.37a

1.91a (4.28)

1.09a (1.05)

C. limetta

479

10.13a

1.84a (3.44)

1.15a (1.21)

SEM (±)

-

0.86

0.20

0.15

LSD (≤0.05)

-

2.52

0.60

0.45

Control

157

12.82a

2.20ab (4.93)

1.38a (1.86)

50 Gy

162

9.70

1.80 (3.56)

1.15a (1.22)

100 Gy

163

12.31a

2.18ab (4.98)

1.16a (1.26)

200 Gy

155

9.16

2.59 (6.52)

1.37a (1.81)

300 Gy

156

9.44a

1.53ab (2.57)

0.94a (0.64)

400 Gy

148

11.07a

0.93b (0.62)

0.71a (0.00)

SEM (±)

-

1.49

0.35

0.27

LSD (≤0.05)

-

6.57

1.55

1.17

Control

76

14.49a ± 0.82

1.85a ± 1.08 (3.71)

1.17a ± 1.17 (1.28)

50 Gy

80

8.49a ± 4.94

1.57a ± 1.49 (3.45)

1.13a ± 1.13 (1.15)

100 Gy

82

12.35 ± 3.16

2.51 ± 0.89 (6.34)

1.18a ± 1.18 (1.33)

200 Gy

71

11.22a ± 1.99

2.92a ± 0.62 (8.26)

1.17a ± 1.17 (1.28)

300 Gy

72

9.38 ± 5.45

1.90 ± 1.09 (3.90)

1.17a ± 1.17 (1.28)

400 Gy

81

12.27a ± 3.97

0.71a ± 0.00 (0.00)

0.71a ± 1.17 (0.00)

Control

81

11.14a ± 0.69

2.56a ± 0.41 (6.15)

1.59a ± 0.77 (2.43)

50 Gy

82

10.90a ± 3.30

2.04a ± 0.04 (3.66)

1.17a ± 0.80 (1.28)

100 Gy

81

a

12.27 ± 3.97

1.84 ± 1.04 (3.61)

1.14a ± 0.76 (1.19)

200 Gy

84

7.10a ± 3.51

2.27a ± 0.43 (4.78)

1.57a ± 0.75 (2.34)

300 Gy

84

9.49 ± 1.81

1.15 ± 0.77 (1.23)

0.71a ± 0.00 (0.00)

400 Gy

67

9.87a ± 4.79

1.15a ± 0.77 (1.23)

0.71a ± 0.00 (0.00)

SEM (±)

-

2.11

0.50

0.38

10.85

2.56

1.94

Treatment
Pollen parent (P)

Irradiation dose (I)
a

ab

a

a

P × I interaction
C. sinensis

a

a

a

a

C. limetta

LSD (≤0.05)

a

a

a

Value indicates the mean of five replicates and ± values indicate standard deviation. Different letters in the same column indicate
significant differences at P ≤ 0.05 (Tukey’s honestly significant difference test); DAP: days after pollination.

significant difference was recorded in embryoid formation,
embryo germination, and plantlet regeneration (Table 3).
Irrespective of irradiation doses, maximum embryoid
formation was recorded in C. grandis × C. sinensis; however,
significantly higher embryo germination was observed in
C. grandis × C. limetta (13.04%). Plantlet regeneration at
50 DAP was recorded highest in C. grandis × C. sinensis
(2.46%), which was statistically on par with C. grandis

× C. limetta. Regardless of the pollen parent, embryoid
formation, embryo germination, and plantlet regeneration
also varied significantly due to irradiation doses. Embryoid
formation was observed maximum at 100 Gy (27.40%)
while it was minimum at 300 Gy (18.94%). However,
percentage of germinated embryos was found maximum
in the control (17.49%), which decreased gradually with
the increasing level of irradiation doses and was recorded
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Table 3. Effect of pollen parent and gamma ray irradiation on plantlet regeneration through ovule culture at 50 DAP in Citrus grandis
No. of ovules
cultured

Embryoid
formation (%)

Embryo
germination (%)

Plantlet
regeneration (%)

C. sinensis

473

24.04a

3.17b (11.57)

1.57a (2.46)

C. limetta

763

21.72a

3.63a (13.04)

1.43a (2.12)

SEM (±)

-

0.93

0.13

0.13

LSD (≤0.05)

-

2.71

0.39

0.38

Control

161

26.12ab

4.23a (17.49)

1.82ab (3.07)

50 Gy

156

22.85

4.10 (16.53)

1.74ab (3.14)

100 Gy

160

27.40a

4.14a (16.79)

1.96a (3.76)

200 Gy

150

19.11

3.60 (12.54)

1.62ab (2.55)

300 Gy

152

18.94c

2.21b (5.64)

0.93b (0.62)

400 Gy

157

22.85abc

2.11b (5.09)

0.93b (0.60)

SEM (±)

-

1.60

0.23

0.23

LSD (≤0.05)

-

7.06

1.01

0.99

Control

82

28.11a ± 2.91

4.19a ± 0.31 (17.13)

2.04a ± 0.04 (3.66)

50 Gy

82

26.76a ± 5.01

4.45a ± 0.47 (19.49)

2.29a ± 0.45 (4.89)

100 Gy

81

28.16 ± 7.95

4.02 ± 0.57 (15.87)

1.59a ± 0.77 (2.43)

200 Gy

74

19.95a ± 5.54

3.52a ± 0.41 (11.97)

1.63a ± 0.80 (2.57)

300 Gy

74

20.21 ± 3.26

1.43 ± 1.24 (2.56)

0.71a ± 0.00 (0.00)

400 Gy

80

21.03a ± 3.82

1.39b ± 1.19 (2.38)

1.14a ± 0.76 (1.19)

Control

79

24.12a ± 2.75

4.27a ± 0.37 (17.84)

1.60a ± 0.78 (2.47)

50 Gy

74

18.94a ± 2.58

3.78a ± 0.35 (13.56)

1.19a ± 0.84 (1.39)

100 Gy

79

26.64 ± 4.28

4.26 ± 0.24 (17.71)

2.33a ± 0.46 (5.08)

200 Gy

76

18.27a ± 2.82

3.69a ± 0.16 (13.11)

1.62a ± 0.79 (2.52)

300 Gy

78

17.66 ± 4.26

2.99 ± 0.68 (8.72)

1.15a ± 0.77 (1.23)

400 Gy

77

24.67a ± 2.00

2.82ab ± 0.70 (7.80)

0.71a ± 0.00 (0.00)

SEM (±)

2.25

0.32

0.32

LSD (≤0.05)

11.65

1.67

1.64

Treatment
Pollen parent (P)

Irradiation dose (I)
abc

bc

a

a

P × I interaction
C. sinensis

a

a

a

b

C. limetta

a

a

a

ab

Value indicates the mean of five replicates and ± values indicate standard deviation. Different letters in the same column indicate
significant differences at P ≤ 0.05 (Tukey’s honestly significant difference test); DAP: days after pollination.

minimum at the highest intensity of irradiation of 400 Gy
(29.10% of the respective control). Similarly, percentage
of regenerated plantlets was detected as minimum at
400 Gy (19.54% of the respective control); however, it
was found to be maximum at 100 Gy (3.76%). Data on
interactions between cross combinations and irradiation
doses (Table 3) were unable to produce any significant
difference in plantlet regeneration from ovule cultures at
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50 DAP, although maximum plantlet regeneration at 50
DAP was observed in C. grandis × C. limetta at 100 Gy
(5.08%) with no plantlet regeneration in C. grandis × C.
limetta crosses at 400 Gy or C. grandis × C. sinensis crosses
at 300 Gy. Among three different time periods for ovule
culture, plantlet regeneration was recorded maximum at
50 DAP, followed by 35 DAP, while it was quite low at 20
DAP. From the experiment, it was also observed that at 50
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DAP plantlet regeneration capacity was quite similar up to
200 Gy, although it declined sharply thereafter.
3.2. In vitro embryo culture of mature seeds
In vitro germination and plantlet regeneration capacity
were significantly higher in embryo cultures of mature
seeds as compared to ovule cultures. In the embryo
germination technique, irradiation doses as well as pollen
parent had significant effects on embryo germination
and plantlet regeneration (Table 4). Perusal of data
revealed that significantly higher embryo germination was
recorded in C. grandis × C. limetta (5.93% higher than C.
grandis × C. sinensis crosses). However, regardless of the
pollen parent, the rate of plantlet regeneration decreased
significantly with increasing concentration of irradiation
doses and it was decreased 6.49%, 19.75%, 26.79%, and
33.95% as compared to the control in the case of 50, 100,
200, and 300 Gy irradiation doses, respectively. From the
interaction between irradiation doses and two different
cross combinations, it was observed that maximum
plantlets were regenerated in C. grandis × C. sinensis
crosses in the control (86.20%), while it was minimum
in C. grandis × C. sinensis at 300 Gy (51.56%). From the
experiment, it was also observed that though the rate of
regeneration was much higher in C. grandis × C. sinensis
crosses in the control, with the increasing concentration
of irradiation doses, the rate of decrease of plantlet
regeneration was much faster in C. grandis × C. sinensis
crosses and it was evident that 8.84%, 24.90%, 33.71%, and
40.14% decreases in plantlet regeneration were recorded
in C. grandis × C. sinensis crosses compared to only 4.02%,
14.41%, 19.54%, and 27.42% reduction in C. grandis × C.
limetta crosses at 50, 100, 200, and 300 Gy, respectively, as
compared to the respective controls.
3.3. Ploidy level
Plantlet regeneration through ovule cultures at different
time periods of 20, 35, and 50 DAP was quite low as
mentioned earlier. At 20 DAP, only one plantlet was
recovered, while at 35 and 50 DAP, the total number of
regenerated plantlets was 11 and 22, respectively; however,
the number of plantlets regenerated through embryo
cultures of mature seeds was quite high. In this study, we
have examined the ploidy level of a total of 34 ovule-cultured
plantlets and 168 embryo-cultured plantlets (Table 5).
Experimental results revealed that all the plants obtained
from embryo culture at varying levels of irradiation doses
(control to 300 Gy) were diploid with chromosome number
of 2n = 18 (Figure 1). Through chromosome counting, it
was also confirmed that a single plant obtained from ovule
culture at 20 DAP in C. grandis × C. limetta was diploid.
Similarly, plantlets regenerated from ovule culture at 35
DAP in both the cross combinations were found diploid
(2n = 18). Cytological analysis of plantlets obtained from
ovule culture at 50 DAP in C. grandis × C. sinensis and C.

Table 4. Effect of pollen parent and gamma ray irradiation on
plantlet regeneration through embryo culture mature seeds in
Citrus grandis.
No. of embryos
cultured

Plantlet
regeneration (%)

C. sinensis

170

67.64a

C. limetta

152

71.65b

SEM (±)

-

0.326

LSD (≤0.05)

-

0.936

Control

91

84.32a

50 Gy

75

78.85b

100 Gy

61

67.64c

200 Gy

52

61.73d

300 Gy

43

55.69e

400 Gy

-

-

SEM (±)

-

0.516

LSD (≤0.05)

-

2.095

Control

51

86.20a ± 1.94

50 Gy

37

78.58c ± 1.68

100 Gy

31

64.74e ± 1.86

200 Gy

28

57.14f ± 1.46

300 Gy

23

51.56g ± 1.36

400 Gy

-

-

Control

40

82.43b ± 1.34

50 Gy

38

79.12bc ± 1.50

100 Gy

30

70.55d ± 1.61

200 Gy

24

66.32e ± 1.50

300 Gy

20

59.83f ± 1.56

400 Gy

-

-

SEM (±)

-

0.730

LSD (≤0.05)

-

3.477

Treatment
Pollen parent (P)

Irradiation dose (I)

P × I interaction
C. sinensis

C. limetta

Value indicates the mean of five replicates and ± values indicate
standard deviation. Different letters in the same column indicate
significant differences at P ≤ 0.05 (Tukey’s honestly significant
difference test).

grandis × C. limetta crosses at irradiation doses ranging
from control to 200 Gy also confirmed their diploid origin
with 2n = 18; however, a single plant obtained from ovule
culture at 50 DAP each in C. grandis × C. sinensis at 400 Gy
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Table 5. Cytological and hybridity analysis of ovule- and embryo-cultured plants of Citrus grandis.
Treatment combination
Pollen parent

Irradiation dose

No. of plants
observed

Ploidy level
(x/2x/3x…)

Hybridity

2x

Hybrid

Plants regenerated from in vitro ovule culture at 20 DAP
C. limetta
Control

1

Plants regenerated from in vitro ovule culture at 35 DAP
C. sinensis
Control

1

2x

Hybrid

50 Gy

1

2x

Hybrid

100 Gy

1

2x

Hybrid

200 Gy

1

2x

Hybrid

300 Gy

1

2x

Hybrid

Control

2

2x

Hybrid

50 Gy

1

2x

Hybrid

100 Gy

1

2x

Hybrid

200 Gy

2

2x

Hybrid

C. limetta

Plants regenerated from in vitro ovule culture at 50 DAP
C. sinensis
Control

3

2x

Hybrid

50 Gy

4

2x

Hybrid

100 Gy

2

2x

Hybrid

200 Gy

2

2x

Hybrid

400 Gy

1

x

Nonhybrid

Control

2

2x

Hybrid

50 Gy

1

2x

Hybrid

100 Gy

4

2x

Hybrid

200 Gy

2

2x

Hybrid

300 Gy

1

x

Nonhybrid

C. limetta

Plants regenerated from in vitro embryo culture
C. sinensis
Control

20

2x

Hybrid

50 Gy

20

2x

Hybrid

100 Gy

18

2x

Hybrid

200 Gy

15

2x

Hybrid

300 Gy

10

2x

Hybrid

Control

20

2x

Hybrid

50 Gy

20

2x

Hybrid

100 Gy

20

2x

Hybrid

200 Gy

15

2x

Hybrid

300 Gy

10

2x

Hybrid

C. limetta

x: Haploid; 2x: diploid.
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B

!
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C

D

!
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E

F

!

Panel C
Figure 1. In vitro-raised plantlets from ovule culture on MT medium along with their ploidy level at 35
DAP (Panel A), at 50 DAP (Panel B), and from embryo culture of mature seeds (Panel C).; DAP: Days
after pollination. A- Plantlet of Citrus grandis × C. limetta (200 Gy); B- diploid cell (2n = 2x = 18) of
Citrus grandis × C. limetta (200 Gy) at 35 DAP; C- plantlet of Citrus grandis × C. limetta (300 Gy); Dhaploid cell (2n = x = 9) of Citrus grandis × C. limetta (300 Gy) at 50 DAP; E- plantlet of Citrus grandis
× C. limetta (400 Gy); F- diploid cell (2n = 2x = 18) of Citrus grandis × C. limetta (400 Gy) from embryo
culture; bar = 10 µm.
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and C. grandis × C. limetta at 300 Gy was haploid with a
total of 9 chromosomes instead of 18 (Figure 1).
3.4. Hybridity analysis
The genetic origin of all the recovered plantlets was
analyzed with 3 polymorphic SSR markers. Banding
patterns obtained for each in vitro-raised plantlet were
compared to those of their female and male parents
to confirm their hybridity. From the SSR analysis, it
was clearly evident that the single plantlet regenerated
from in vitro ovule culture at 20 DAP in C. grandis × C.
limetta crosses was a hybrid, having one maternal and
one paternal allele. Similarly, SSR analysis of 5 plantlets
obtained in C. grandis × C. sinensis crosses at different
irradiation doses and 6 plantlets regenerated in C. grandis
× C. limetta crosses from ovule culture at 35 DAP also
confirmed their hybrid origin. Out of 12 plantlets obtained
from ovule culture at 50 DAP in C. grandis × C. sinensis
crosses, 11 plantlets were found hybrid; however, the
banding pattern obtained by SSR analysis confirmed that
the remaining one plantlet, obtained at 400 Gy in this cross
combination, was nonhybrid with maternal origin (C.
grandis) (Figure 2). Similarly, another nonhybrid plantlet
with maternal origin (C. grandis) was also obtained from
ovule culture at 50 DAP in C. grandis × C. limetta crosses
at 300 Gy although the other 9 plantlets regenerated in
the same cross combination through ovule culture at 50
DAP following pollination with irradiated pollen were
pure hybrids in nature, as confirmed by banding patterns
obtained through SSR analysis. On the other hand, all the
plantlets regenerated from in vitro culture of embryos
excised from mature seeds of C. grandis × C. sinensis and
C. grandis × C. limetta were pure hybrids in nature as
depicted by SSR analysis (Figure 2).
4. Discussion
4.1. In vitro ovule and embryo culture
Pollination with irradiated pollen increased the frequency
of abnormal seed development with only endosperm but
not with embryo or empty seeds without both embryo
and endosperm (Figure 3). The frequency of normal seed
development with both developed embryo and endosperm
likewise decreased with the increasing dose of irradiation
(Kurtar, 2003, 2009; Cicero et al., 2005; Bermejo et al.,
2011). Hence, for the maximum regeneration of plantlets
from these fertilized embryos following pollination with
irradiated pollen, early recovery of these embryos just after
the completion of the fertilization process but well before
their degeneration within the seed is essential, for which
early recovery of the ovules just after the completion of the
fertilization process followed by their culture under in vitro
condition is needed. Several factors are associated with the
success of this technique, which include concentration of
irradiation doses, developmental stages of the embryos
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inside the ovules at the time of culture, culture condition,
and medium requirements. In our experiment, the
frequency of embryoid formation, embryo germination,
and plantlet regeneration from ovule culture at 20 and
35 DAP was quite low. Differences in pollen parent and
irradiation doses did not affect the embryoid formation,
embryo germination, and plantlet regeneration frequency
significantly at 20 and 35 DAP. However, ovule cultures at
50 DAP gave the highest frequency of embryoid formation,
embryo germination, and plantlet regeneration, which
was significantly higher than ovule culture at 20 and 35
DAP. The fertilization process within the ovules of citrus
started only after 25 DAP (Kundu et al., 2014), and after
fertilization, it may take some more days to develop the
embryo within the ovules. Hence, ovules cultured at 20 DAP
following pollination with irradiated pollen may be devoid
of fertilized embryos, resulting in a very low frequency of
embryoid formation and degeneration of those embryoids
at early stages before their germination, which ultimately
caused a very low rate of embryo germination and plantlet
regeneration. Similar findings were also reported earlier by
Zhang and Lespinasse (1991) in apple, where they did not
get any embryos in the seeds from the fruitlets collected 1
month after pollination with irradiated pollen of different
doses ranging from 125 to 1000 Gy. On the other hand, as
the fertilization process started after 25 DAP, the embryo
formation may have initiated thereafter, resulting in an
improved embryoid formation, embryo germination, and
plantlet regeneration from those germinated embryos
from ovule cultures at 35 DAP as compared to 20 DAP.
However, maximum recovery of plantlets from ovule
culture at 50 DAP might be due to formation of fertilized
embryos at higher frequency at this stage. Yang (1968)
reported that fertilized eggs began to divide 40 to 50 days
after pollination in citrus. Hence, ovule culture at this
stage might cause maximum plantlet regeneration. This
tendency of increasing rate of plantlet regeneration with the
increasing age of ovules used for in vitro culture confirmed
the earlier finding of Yahata et al., (2010). On the other
hand, experimental results showed that irrespective of the
pollen parent, the rate of plantlet regeneration from ovule
culture at 300 and 400 Gy was significantly lower than
irradiation treatment at comparatively low doses (control
to 200 Gy). This might be due to the increasing sensitivity
of Citrus pollen to higher irradiation doses, resulting
in abnormal meiosis, irregular gamete formation, and
significant changes in pollen properties (Nepi and Pacini,
1993). Zhang and Lespinasse (1991) reported that most of
the embryos arising from irradiated pollen treatment at
higher doses were not viable, i.e. they did not germinate
or died soon after germination, which might be due to the
accumulation of some deleterious recessive genes within
the fertilized embryo at higher irradiation levels.
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P1 P2 H1 H2 H3 H4 H5

P1 P2 H1 H2 H3 H4 H6

A

B

!

Panel A
P1! P3! H1! H2! H3! H4! H5!

P1! P3! H1! H2! H3! H4! H5!

B!

A!

!

Panel B
Figure 2. Hybridity of in vitro-raised ovule and embryo-cultured plantlets of Citrus grandis × C. sinensis crosses (Panel A) and
Citrus grandis × C. limetta crosses (Panel B), analyzed by SSR marker (CgEMS 9). A- Plantlets obtained from ovule culture at 50
DAP; B- plantlets obtained from embryo culture of mature seed; P1- Citrus grandis; P2- C. sinensis; P3- C. limetta; H1- control;
H2- at 50 Gy; H3- at 100 Gy; H4- at 200 Gy; H5- at 300 Gy; H6- at 400 Gy. DAP: Days after pollination.

4.2. Ploidy level
Chromosome counting from actively growing root
tips of all the in vitro-raised ovule-cultured plantlets
revealed that a parthenogenetic haploid plant with nine
chromosomes was obtained in C. grandis × C. sinensis

crosses at 400 Gy and in C. grandis × C. limetta crosses
at 300 Gy; however, all the remaining plantlets obtained
from in vitro ovule culture were detected as diploids
with 18 chromosomes, irrespective of pollen parent and
pollen irradiation doses. This tendency of obtaining no
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Figure 3. Different types of seeds formed in Citrus grandis after crossing with irradiated pollen of C. limetta: A- normal seeds;
B- abnormal seeds; C- empty seeds.

viable parthenogenetic haploid embryos in Citrus at lower
irradiation doses up to 200 Gy might be due to partial
damage of the generative nucleus at lower irradiation
doses, resulting in the occurrence of normal fertilization
of egg cells by these irradiated pollens and formation of
diploid embryos. However, a higher irradiation dose of
300–400 Gy might have inactivated the generative nucleus,
unable to fertilize the egg cell, although these irradiated
pollen grains were genetically inert and physiologically
active; they could have easily germinated on the stigma
and stimulated parthenogenesis by interrupting the
normal double fertilization process. This might lead to the
production of parthenogenetic haploids, which confirmed
the earlier findings in different fruit crops (Peixe et al.,
2000; Froelicher et al., 2007; Aleza et al., 2009; Yahata et
al., 2010; Grouh et al. 2011). This phenomenon of inability
of lower irradiation doses for the induction of haploid
plants is popularly known as the Hertwig effect (Pandey
and Phung, 1982; James et al., 1985; Zhang and Lespinasse,
1991). From the results, it was also revealed that haploid
plants in C. grandis × C. sinensis crosses were induced at
400 Gy irradiation treatment; however, in C. grandis × C.
limetta crosses, it was at 300 Gy. From the earlier findings
by different researchers on induction of haploid plants
through irradiated pollen techniques it was confirmed
that the best irradiation dose of pollen for induced
parthenogenesis varies from crop to crop and species to
species; Froelicher et al. (2007) reported that 300 Gy was
best for induction of haploid plants in mandarin, whereas
doses between 25 and 50 Gy were found optimum for
squash (Kurtar et al., 2002), and a dose of 1500 Gy gave the
best results for haploid induction in kiwifruit (Chalak and
Legave, 1997). Another interesting result obtained from
this experiment was that haploid plants were obtained
only from ovule cultures at 50 DAP; however, Yahata et
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al. (2010) reported that the ovule culture at approximately
40 DAP seemed to be appropriate for haploid induction
in Citrus. On the other hand, all the plantlets regenerated
from in vitro culture of embryos excised from mature
seeds were diploid. No haploid plantlets were obtained in
any treatment following in vitro embryo culture. A similar
result was also observed earlier by Yahata et al. (2010)
in Banpeiyu pummelo crossed with irradiated pollen of
Fukuhara sweet orange and Tosa-Buntan pummelo.
4.3. Hybridity analysis using SSR markers
Although haploids were obtained by different researchers
following irradiated pollen techniques in kiwifruit
(Pandey et. al., 1990; Chalak and Legave, 1997; Musial and
Przywara, 1998; 1999), apple (Zhang and Lespinasse, 1991;
De Witte and Keulemans, 1994; Höfer and Lespinasse,
1996), pear (Bouvier et al., 1993), European plum (Peixe
et al., 2000), blackberry (Naess et al., 1998), sweet cherry
(Höfer and Grafe, 2003), and Citrus (Froelicher et al.,
2007; Aleza et al., 2009; Yahata et al., 2010), the induction
mechanism of those haploid plants is not yet clear. It is
therefore imperative to ascertain the hybridity of those in
vitro-raised plantlets to confirm their genetic origin using
a precise system. Use of microsatellite markers (SSRs),
showing polymorphism between parental genotypes, is
highly useful to ascertain the hybridity of the progenies.
In this study, we obtained a total of two haploid plantlets
in C. grandis × C. sinensis and C. grandis × C. limetta
crosses at 400 and 300 Gy, respectively. Banding patterns
obtained from SSR analysis of these haploid plantlets
indicated their maternal origin, which confirmed that
pollination with gamma-irradiated pollen at 300–400
Gy in citrus promotes the formation of parthenogenetic
haploid embryos similar to that of the maternal genotype
through the interruption of the normal double fertilization
process. These observations are in agreement with the
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earlier findings reported by Raquin (1985) in Petunia,
Sauton and Dumas de Vaulx (1987) in melon, Pandey et
al. (1990) in kiwifruit, Zhang and Lespinasse (1991) and
De Witte and Keulemans (1994) in apple, Froelicher et al.
(2007) in mandarin, and Yahata et al. (2010) in pummelo.
On the other hand, microsatellite marker analysis of
diploid plantlets obtained from this experiment showed
that all those plants were zygotic in nature, which might
be due to the inability of lower irradiation doses up to 200
Gy to inactive the generative nucleus, resulting in normal
fusion of male and female gametes following pollination
with irradiated pollen and formation of zygotic embryos.
The heterozygous nature of those diploid plantlets was also
confirmed earlier by Froelicher et al. (2007) in mandarin
using polymorphic nuclear STMS markers and Yahata et
al. (2010) in pummelo through RAPD and CAPS analysis.
Pollination with gamma-irradiated pollen in
citrus at 300–400 Gy can promote the development of
parthenogenesis, giving rise to the formation of haploid
embryos through interrupting normal double fertilization.
The optimum condition for induction of haploid plants
through in situ parthenogenesis is pollination with
irradiated pollen at 300–400 Gy followed by in vitro

ovule culture at 50 DAP. However, for the maximum
regeneration of plantlets in citrus through in vitro ovule
culture, early recovery of ovules at 50 DAP has been
found optimum as compared to collection at 35 or 20
DAP. On the other hand, induction of haploids in both
the cross combinations tested in the present study means
that the irradiated pollen approach can be extended to a
wider range of Citrus species to induce higher numbers
of haploids in these highly heterozygous, recalcitrant
genotypes, which will be valuable for genetic analysis and
possibly for planned breeding. However, chromosome
doubling of these haploid plants to make them into
homozygous diploid ones followed by characterization
of the fertility status as well as the morphological and
histological investigation of those homozygous plants is
very essential in the near future before make them useful
in hybridization programs.
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